Purpose To catalogue Gene Ontology terms in the sperm of infertile human males vs. donors of proven fertility by analyzing five samples from each of the two groups (five aliquots from fresh sperm and five post-swim-up). Methods Microarray technology was employed to study the mRNA profile of both fresh and post-swim-up pooled samples from infertile males and donors.
Introduction
The existence of a complex population of mRNAs in human sperm is well-documented. It is currently accepted that, as well as providing DNA, sperm supplies the egg with the paternal centrosome, which forms an aster of radially arrayed microtubules that ease the fusion of male and female pronuclei and organizes the first mitotic spindle in the zygote. In this way the sperm plays a crucial role in human fertility [1] and in the functioning of proteins and RNAs [2] . Although the functional significance of mRNA in mature ejaculate spermatozoa remains essentially unexplored [3] , this is evidence that suggests that it influences the phenotypic traits of the offspring [4, 5] .
The male gamete is transcriptionally silent (void of transcriptional and translational activity) and its transcripts represent remnants of stored mRNAs. This is a consequence of the transformation (which occurs during the postmeiotic phase of spermatogenesis) of the somatic chromatin into a unique and highly compact structure with a highly condensed chromatin architecture, and the fact that there is little or no cytoplasm capable of withstanding translation. It was originally hypothesized that the RNA present in semen is a result of contamination from somatic cells. However, RNA continues to be present after stringent washing of the sperm through density gradients, which proves that it is the produce of sperm fraction and is inevitably introduced into the oocyte during fertilization [6] .
We have already reported that sperm cells from infertile males (IM) without a significantly low sperm count and motility and with apparently normal female partners exhibit a profoundly different set of mRNAs to the sperm cells of sperm donors (D) that are capable of fathering healthy newborns [7] . These differences could explain to some extent the causes of infertility in natural (but not assisted) reproduction.
Sperm cells from infertile males undergoing assisted reproduction need to possess certain characteristics if they are to result in pregnancy, and these characteristics vary depending on the technique employed. For example, sperm cells employed in IVF (in vitro fertilization) rely on molecular features implicated in sperm-oocyte recognition if a successful fertilization process is to be achieved. Similar molecular criteria are not so important in ICSI (Intracytoplasmatic Sperm Injection) treatments in which spermatozoa is injected directly into the oocyte, as this method involves less of a physiological barrier [8] . Thus, it is necessary to analyse the behaviour of ejaculates in each assisted reproduction protocol in order to characterize the relevant molecular parameters and establish criteria that need to be fulfilled if the treatment is to be successful.
The development of microarray technology made it possible to determine the expression profiles of the whole genome, thereby permitting two different biological conditions to be compared [9] . This technology is expected to be essential in the future development of research, diagnostic and therapeutic tools [10] .
Our aim with the present work was to provide a functional interpretation of extensive lists of genes derived from previous genomic studies carried out by our group [7] with the aim of being able to provide useful information for the field of reproductive medicine. We planned to do this by using Gene Ontology (GO) bioinformatics tools such as the DAVID Bioinformatics Resources to compare spermatozoa obtained from IM with that obtained from sperm donors.
Often microarray analysis essentially provides us with a long list of genes that are known to have significantly different transcript levels. However, these variations do not occur as independent events, as these lists might suggest, but in a highly coordinated and interdependent manner [11] . Therefore, it is important to perform a functional analysis to deduce the biological significance of the aforementioned different genetic expression.
Material and methods

Human biological samples
Five semen samples were obtained from the male partner of selected couples undergoing assisted reproduction techniques for infertility treatment at the Instituto Universitario IVI. A further five samples were collected from fertile sperm donors.
Patient inclusion criteria were as follows: couples in which the male partner presented more than 25% of motile sperm (10 million/ml) and a total number of inseminated sperm higher than 3 million, and whose female partner did not present endometriosis, policystic ovarian syndrome and who exhibited tubal patency (determined by hysterosalpingography), and less than 36 years old. All males maintained 3-5 days of sexual abstinence before a sample was provided. The donor inclusion criterion was the existence of own children, including healthy newborns produced through our sperm donation programme.
The study was approved by the Instituto Universitario IVI's Institutional Review Board on the use of human subjects in research.
Semen analysis
Semen parameters were evaluated after 10 min liquefaction at 37°C and 5% CO 2 . Samples were examined for sperm concentration and motility in a Mackler® Chamber (Sefi Laboratories, Tel Aviv, Israel) following WHO guidelines (WHO, 1999).
Sperm preparation
All samples were processed by swim-up. In short, ejaculates were diluted 1:1 (v/v) with Sperm Medium (MediCult, Jyllinge, Denmark) and centrifuged at 400 g for 10 min. The supernatant was discarded. Aliquots of 0.5-1 ml of fresh medium were overlaid over the pellet and incubated at 37°C for 45 min with the tubes inclined at an angle of 45° [12] .
Isolation, quantification and storage of mRNA Aliquots of the sperm samples were washed in 3 ml of PBS and centrifuged at 400 g for 10 min. After discarding the supernatant, the pellet was resuspended in 1 ml of TRIzol (Invitrogen) and immediately frozen by direct immersion in liquid nitrogen. It was then stored in a nitrogen tank until mRNA extraction, at which point the total numbers of samples programmed for this study were obtained and experiments were performed. Total RNA was extracted using the 'TRIzol method' according to the protocol recommended by the manufacturer (Life Technologies, Inc., Gaithersburg, MD) [13] .
Microarray analysis
The CodeLink Expression Analysis System was employed according to the manufacturer's instructions. The Human Whole Genome Bioarray contains probes for more than 55,000 gene targets. Comparisons of the four groups (fresh sperm of IM vs. D and post-swim-up samples of IM vs. D) were performed in technical duplicate (Fig. 1) . Spot intensities were normalized and analyzed by means of CodeLink Expression Analysis v4.1 software [14] .
Our study population consisted of five infertile male patients (Group IM; n=5) and five fertile sperm donors (Group D, n=5).
Finally, we carried out two microarray analyses in order to compare fresh sperm (before swim-up process) of donors vs. infertile males and post-swim-up samples from the same samples and subjects Equal amounts of mRNAs from the samples of each group were pooled prior to analysis.
Pooled mRNA samples extracted from different subjects were applied to a single microarray chip in order to compensate for the technical difficulty in obtaining sufficient mRNA and to reduce the cost of the microarray experiments. mRNA pooling, if performed adequately, can improve the efficiency and cost-effectiveness of microarray experiments with only a moderate increase in the total number of samples required providing a good diagnostic power [15] .
GenePix Pro 6.0 software was employed for array image analysis and the calculation of spot intensity measurements. Gene expression profile was determined by comparing the D and IM groups before and after swim-up (2 by 2 comparisons) using non-parametric tests. Two criteria were established to define genes that had altered the mRNA abundance of the different sample sets: an absolute fold change (FC) of five or more and a corresponding FC p-value lower than 0.05 (Genes differentially expressed (GDE)). Furthermore we also look for exclusive genes (EG) (transcripts or sequences that were expressed exclusively in one of the two groups).
Finally two comparisons were carried out, resulting in eight groups/lists of genes: fresh sperm samples of Donors 
Gene ontology
Microarray analysis usually provides long lists of genes and interpreting the results on the genomic scale requires a systematic approach. An organism's genome consists of a large number of genes and gene regulatory elements. All the genes and their products interact as part of a complex network that defines the biology of the organism at the molecular level. A structured and formal model of biological function is required in order to comprehend these interactions. Ontologies have been used to provide that structure knowledge using the GO [16] .
The GO was designed as a formal representation of biological knowledge, as it relates to genes and their products [17] . It consists of the knowledge domains of molecular functions (MF), biological processes (BP) and cellular components (CC). These terms describe the biological functions of an individual gene product: its Fig. 1 Flow-chart of all microarray preformed and comparisons for microarray analyses (* microarrays were performed in technical duplicate) functions at the molecular level, the higher-level processes those functions help to accomplish, and where in the cell those functions are typically carried out [18] . In order to determine which of the thousands of genes identified in our microarray experiments (from our in eight groups/lists of genes) are implicated in reproduction success we searched for those previously described by the GO term Reproduction (GO:0000003) ( Table 1) .
Metabolic pathways
In addition to the typical gene-term enrichment analysis described above, the DAVID Bioinformatics Resources permit us to divide long lists of genes into functional groups, convert them to gene/protein identifiers, visualize many-genes-to-many-terms relationships, cluster redundant and heterogeneous terms into groups, search for related genes or terms, and dynamically view genes in biopathways, among other functions [19] .
Results
Gene ontology
Microarray experiments provided us with eight lists of genes that were subsequently submitted to ontological analysis using the abovementioned DAVID database. In first place, we analysed GDE in the D and IM groups, both before swim-up (in a fresh state) (DF and IMF) and after swim-up (DC and IMC). Similarly, we analysed EG in both groups in fresh and post-swim-up samples. Finally we defined eight groups/lists of GDE DF (genes differentially expressed in fresh sperm from the donor group), GDE IMF (genes differentially expressed in fresh sperm from the infertile male group), GDE DC (genes differentially expressed in donor sperm samples after swim-up), GDE IMC (genes differentially expressed in sperm samples from the infertile male group after swim-up), EG DF (exclusive genes in fresh sperm from donors), EG IMF (exclusive genes in fresh sperm from infertile males), EG DC (exclusive genes in donor sperm after swim-up) and EG IMC (exclusive genes in sperm from infertile males after swim-up).
The numbers of GO terms statistically affected (p-value <0.005) varied in each group/list (Table 2) . A large number of GO terms were statistically affected in the lists of GDE and EG in fresh sperm (groups DF and IMF); while no GO term was statistically affected in the list of genes in post swim-up sperm samples.
We classified the GDE and EG gene lists from fresh samples according to their GO terms. Due to the large number of statistically affected GO terms we only show the 15 (5 BP, 5 CC, 5 MF) most statistically significant in each group (Figs. 2  and 3 ). The figures represented specify the name of the GO term and the number of GDE or EG annotated to that GO term (in brackets). We also show the total number of genes annotated to each GO term in Homo sapiens and calculate the % of GDE or EG with respect to that number.
In addition, we have evaluated the possible fertility or reproductive role of all the GO terms that were observed to be statistically affected. We identified the GO terms sexual reproduction, spermatogenesis, male gamete generation, reproduction, spermatid development, spermatid differentiation, single fertilization and fertilization in the GDE DF group (Fig. 4) . These GO terms were absent when the other gene lists were analyzed (GDE IMF, EG DF and EG IMF groups); in fact, no GO terms related with reproduction granulin (GRN In order to validate the microarray data we performed Quantitative (fluorescent) polymerase chain reaction experiments (qPCR) that confirmed the expression of TRY1 (trypsin X3), GGT1(gamma-glutamyltransferase 1) transcript variant three and CAB39L (calcium-binding protein 39-like). These three gene weres over-expressed in the donor group and, as can be seen in Table 3 , the validation of this data by qPCR revealed that it was similar to that provided by the microarrays.
Metabolic pathways
Bioinformatic analysis of fresh sperm samples revealed 17 metabolic pathways statistically affected (p values <0.05) in the GDE DF group and four in the EG DF group, while six MP were statistically affected in the GDE IMF group and four in the EG IMF group (Table 4) .
As the data reveals, no MP was statistically affected when GDE or EG were analyzed in after swim-up sperm samples (DC or IMC group). GDE and EG of fresh samples (DF and IMF groups) exhibited a different pattern of statistically affected MP.
Discussion
Despite the large numbers of GO terms statistically affected in all groups/lists (with the exception of post-swim-up samples), GO terms related to reproduction, such as spermatogenesis, gamete generation, male gamete generation or reproduction, were identified only in the GDE DF group. In this sense, these biological processes appear to be more operational in the donor group, and this fact could explain their increased reproductive possibilities. Additionally, in the same group (GDE DF) we detected a large number of GO terms implicated in the obtaining of energy, such as cellular components related with mitochondria (mitochondrion, mitochondrial part, mitochondrial envelope, mitochondrial membrane, mitochondrial inner membrane, mitochondrial respiratory chain complex I and mitochondrial membrane part) and molecular functions involved in the catalysis of different electron transport chain reactions (NADH dehydrogenase (ubiquinone) activity, NADH dehydrogenase activity, NADH dehydrogenase (quinone) activity, ATPase activity, coupled, oxidoreductase activity, acting on NADH or NADPH and ATPase activity). It is well known that sperm requires a large amount of energy for its motility, so GO terms related with the gaining of energy are necessarily active in high-quality sperm. For example, sperm motility is known to correlate with mitochondrial enzymatic activities. Thus, factors affecting mitochondrial energy production may be responsible for some cases of idiopathic asthenozoospermia [20] . Moreover, the mitochondrial machinery ATP production plays an important role in regulating in vitro-induced primary pathways of human male germ apoptosis. A crucial regulator of normal testicular function is appropriate germ cell death, and the disruption of this process is associated with several male reproductive disorders [21] . Our results show that the GDE IMF group did not present any of the aforementioned GO terms involved in the obtaining of energy. It is worth noting that the only GO term implicated in the reproduction process and detected in the EG IMF group was embryonic development (progression of an embryo from its formation until the end of its embryonic life stage).
As the data reveals, none of the GO terms in the GDE and EG groups were statistically affected after swim-up (DC and IMC groups). Thus, we can conclude that the swim-up process "normalizes" the differences that normally exist between sperm from donors and that from patients.
Metabolic pathways involved in obtaining energy, such as Pyruvate metabolism, Glycolysis/Gluconeogenesis and Oxidative phosphorylation were observed in the GDE DF group. Energy metabolism is a key factor of sperm function. The need to sustain sperm motility and active protein modifications such as phosphorylation could be the reason why sperm require exceptionally more ATP than other cells. In round spermatids, lactate and pyruvate are the preferred substrates, and their need for glucose is limited. However, during epididymal maturation, sperm begin to engage glycolysis. While the acrosome reaction requires lactate or GTPase regulator activity (22) enzyme activator activity (20) enzyme regulator activity (36) binding ( (54) spermatogenesis (39) male gamete generation (39) reproduction (68) spermatid development (9) spermatid differentiation (9) single fertilization (11) fertilization (11) Fig. 4 Go terms reproductive related in group GDE DF. In brackets number of GDE involved in each GO term.
(% regarding total number of genes in H. sapiens involved in each GO term) pyruvate for ATP production by oxidative phosphorylation, gamete fusion relies on glucose to produce NADPH via the pentose phosphate pathway. Sperm motility appears to be supported by relatively low ATP levels, but high ATP levels are essential for the tyrosine phosphorylation linked to hyperactivation. Thus, each of these processes and events require a different substrate and metabolic pathway [22] in order for it to develop adequately. Another MP with a possible role in the fertilization process and identified in group GDE DF is the ubiquitin proteasome pathway, which is a ubiquitous system devoted principally to protein degradation. The presence of ubiquitinated proteins in male gametes suggests that this system also has a role in reproduction. Ubiquitin has been discovered as a normal component of human blood, seminal plasma and ovarian follicular fluid. Defective spermatozoa are covered with ubiquitin in the epididymal fluid, while extracellular ubiquitination is thought to be a mechanism of quality control in spermatogenesis [23] .
Evidence indicates that ubiquitin in spermatozoa plays a role in semen quality control. Sutovsky et al. proposed the existence of a ubiquitin-mediated system in mammalians by which defective spermatozoa in the epididymis are phagocytosed by epididymal epithelial cells [24] . Morphologically normal and abnormal human spermatozoa in semen may both be ubiquitinated, and the percentage of ubiquitinated sperm in the ejaculate positively correlates with normal morphology and motility, suggesting that ubiquitination has a positive involvement in sperm function. Furthermore, it may play an important role in the regulation of mitochondrial inheritance [25] .
Finally, we wish to highlight the ATM Signaling Pathway of the EG DF group. The ataxia telangiectasiamutated gene (ATM) encodes a protein kinase that acts as a tumour suppressor. Mammalian spermatogenesis is maintained by stem cell capacity in undifferentiated spermato- gonial subpopulations. ATM plays an essential role in the maintenance of undifferentiated spermatogonia and their stem cell capacity by suppressing DNA damage-induced cell-cycle arrest [26] . Although no differences were detected between standard semen parameters (concentration, pH, motility and morphology) in the donor and patient groups, transcriptomes were found to vary when sperm samples were compared before and after swim-up and represent a varying GO term pattern and number and type of statistically affected MP pathways. In addition, more GO terms were statistically affected in the donor group (GDE DF and EG DF) than in infertile male patients (GDE IMF and EG IMF).
After obtaining data by microarray analysis, we correlated the lists (GDE or EG from DF, IMF, DC and IMC groups) with GO terms such as biological processes, cellular components and molecular functions in order to improve our knowledge regarding reproductive processes.
Our data reveals that the differences between the expression profiles of samples which achieved pregnancy in assisted reproduction protocols vs. those that did not also have a bearing on complex systems such as metabolic pathways.
It should be stressed that all these differences among groups disappeared when post-swim-up samples were analysed (GDE DC, GDE IMC, EG DC and EG IMC lists). In fact, no GO term or MP was found to be statistically affected after swim-up. The selection procedure developed by swim-up is able to enrich the population in highly motile sperm cells, which usually improve their morphology. This means that the extensive heterogenic population observed in fresh sperm is substituted by a homogeneous sample. If good morphology and high motility is associated with a similar expression profile, that would explain the similarities observed after the array analysis and confirms that sperm preparation is effective in obtaining healthy sperm cells.
Conclusions
Differential expression of a gene in one group (i.e. GDE IMF) with respect to another represents varying transcription levels but does not provide information about which way (up or down) a gene is regulated or how it can be translated to a biological role. We can only make assumptions based on previous research about those genes. Microarray analysis essentially provides us with a very long list of genes that are known to have significantly different transcript levels. However, in biology, these variations do not occur as independent events and it is improbable that a single gene can explain biological differences. For this reason, an ontological analysis of transcriptional differences is required.
The role of sperm mRNA is controversial, as it is still not known if it constitutes a merely leftover of spermatogenesis or if it has a function in spermiogenesis, male gamete generation or even in the oocyte-embryo postfertilization. The swim-up process normalizes existing differences (in GO levels rather than gene levels) between sperm from donors and that from patients, and given that swim-up selected sperm is employed for fertilization in ART, we must wonder if sperm mRNA is implicated in ART failure. Gene ontology analysis allows us to classify microarray results in a functional way, thereby helping us to identify markers of fertility success in sperm samples. The practical effect of this analysis is likely to be a better selection of samples and, in turn, more effective assisted reproduction techniques.
Future research efforts should focus on identifying specific molecular reproductive success markers and their functions, as well as exploring the possibility of modulating or rectifying the differences that make some sperm samples capable of fertilizing an egg that develops into a healthy newborn and others incapable of doing so.
In short, we wish remark some clinical and practical points from this work:
-Basic sperm analysis is a very limited test and microarray technology can be used routinely to implement a new diagnostic tool in the andrology laboratory.
Following the results here obtained we can offer the fertility potential from patients attending infertility treatment and offer the best option to get a successful pregnancy. -Differences here presented suggest that important differences in the expression profile should be present between those sperm samples able to undergo a viable pregnancy versus those that not. In consequence we should focus our resources in identifying those genes. -Finally, those genes related to reproduction process that are affected in the infertile group are opening us a new research line to investigate by molecular bioengineering the mechanism to manipulate their activity and improve fertility potential.
